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2 Mössbauer and nuclear resonant spectroscopy

Rule 1: Know your audience



3 Mössbauer and nuclear resonant spectroscopy

• Historical perspective
• Spectral description and parameters
• Static interactions
• Time dependent interactions
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Rudolf Mößbauer (1929-2011)
Kernresonanzfluoreszenz von Gammastrahlung in 191Ir

Zeitschrift für Physik, 151,  pp 124-143 (1958).

Nobel Prize in Physics, 1961.

The Rudolf Mössbauer Story, 
His Scientific Work and Its Impact on Science and History,
Kalvius, Michael, Kienle, Paul (Eds.) 2012, Springer Verlag

„... young people are more often apt to attack
problems with unconventional approaches,
which would not be touched by older, more
experienced and more knowledgeable
persons.“
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Electron transitions and resonant absorption

Na* Na

~ 2.1 eV

Li

X

http://people.physics.carleton.ca/~watson/Physics/PHYS2903/2903_Quantum_Physics/PHYS2903_Bohr.html?id=0
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Nuclear resonant absorption?

ZA* ZA

~1-100 keV

Z'A'

?

„As early as 1929, Kuhn had expressed the opinion that the resonance 

absorption of gamma rays should constitute the nuclear physics analogue to 

this optical resonance fluorescence. Here, a radioactive source should replace

the optical light source. The gamma rays emitted by this source should be able to 

initiate the inverse process of nuclear resonance absorption in an absorber 

composed of nuclei of the same type as those decaying in the source.

Again, the scheme (...) would hold here, but the radiative transitions would now 

take place between nuclear states.

Nevertheless, all attempts in the next two decades to find this nuclear 

resonance absorption proved fruitless. …. it is appropriate to consider the 

reasons why the discovery of nuclear resonance absorption was so long delayed.
R.L. Mössbauer, Nobel Lecture, The Nobel Foundation 1961
W. Kuhn, Phil. Mag. 8, 625 (1929)
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Nuclear resonant absorption?

ZA* ZA

~1-100 keV

Z'A'

?

1) Conservation of momentum. Recoil energy:

Gütlich, Bill, Trautwein (eds.), Mössbauer spectroscopy and Transition Metal Chemistry, Springer, 2011.

„As early as 1929, Kuhn had expressed the opinion that the resonance 

absorption of gamma rays should constitute the nuclear physics analogue to 

this optical resonance fluorescence. Here, a radioactive source should replace

the optical light source. The gamma rays emitted by this source should be able to 

initiate the inverse process of nuclear resonance absorption in an absorber 

composed of nuclei of the same type as those decaying in the source.

Again, the scheme (...) would hold here, but the radiative transitions would now 

take place between nuclear states.

Nevertheless, all attempts in the next two decades to find this nuclear 

resonance absorption proved fruitless. …. it is appropriate to consider the 

reasons why the discovery of nuclear resonance absorption was so long delayed.
R.L. Mössbauer, Nobel Lecture, The Nobel Foundation 1961
W. Kuhn, Phil. Mag. 8, 625 (1929)
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Nuclear resonant absorption?

ZA* ZA

~1-100 keV

Z'A'

?

1) Conservation of momentum. Recoil energy:

Gütlich, Bill, Trautwein (eds.), Mössbauer spectroscopy and Transition Metal Chemistry, Springer, 2011.

2) Natural life time:

Energy(eV)  Gn (eV) ER (eV) Gn/2ER

57Fe 14400 5.10-9 2.10-3 1,2.10-6

Na (D-line) 2.1 4.10-8 1.10-10 220
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Nuclear resonant absorption?
1) Conservation of momentum. Recoil energy:

Gütlich, Bill, Trautwein (eds.), Mössbauer spectroscopy and Transition Metal Chemistry, Springer, 2011.

2) Natural life time:

„The unsatisfactory situation with respect to nuclear resonance absorption first changed in 1951, when Moon succeeded in 

demonstrating the effect for the first time, by an ingenious experiment. The fundamental idea of his experiment was that of 

compensating for the recoil-energy losses of the gamma quanta: the radioactive source used in the experiment was moved at a 

suitably high velocity toward the absorber or scatterer. The displacement of the emission line toward higher energies achieved in 

this way through the Doppler effect produced a measurable nuclear fluorescence effect.“

R.L. Mössbauer, Nobel Lecture, The Nobel Foundation 1961
P.B. Moon, Proc. Phys. Soc. (London) 64, 76 (1951)

„A method first employed by Malmfors appeared to be especially suitable … . In this method, a broadening of the emission or 

absorption line, leading to a corresponding increase in the degree of overlap of the two lines, is achieved by increasing the 

temperature.” K.G. Malmfors, Arkiv Fysik 6, 49 (1953)
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Rule 1: Know your audience

http://www.digitalclaritygroup.com/sales-success-knowing-audience/
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Nuclear resonant absorption?

R. Mößbauer, Zeitschrift für Physik, 1958, 151,  pp 124-143.
191Ir E0 = 129 keV

„If the relative shift of the emission and the absorption lines resulting from the recoil-energy losses is only of the order of 

magnitude of the line widths, not only an increase but also a decrease in temperature can result in a measurable change 

in the nuclear absorption. My decision between these two possibilities was made in favour of a temperature decrease. It 

was motivated essentially by the consideration that at low temperature, effects of chemical binding would be more 

likely than at elevated temperatures.“ R.L. Mössbauer, Nobel Lecture, The Nobel Foundation 1961



12 Mössbauer and nuclear resonant spectroscopy

Nuclear resonant absorption?

R. Mößbauer, Zeitschrift für Physik, 1958, 151,  pp 124-143.
191Ir E0 = 129 keV

„If the relative shift of the emission and the absorption lines resulting from the recoil-energy losses is only of the order of 

magnitude of the line widths, not only an increase but also a decrease in temperature can result in a measurable change 

in the nuclear absorption. My decision between these two possibilities was made in favour of a temperature decrease. It 

was motivated essentially by the consideration that at low temperature, effects of chemical binding would be more 

likely than at elevated temperatures.“ R.L. Mössbauer, Nobel Lecture, The Nobel Foundation 1961
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Nuclear resonant absorption?

R. Mößbauer, Zeitschrift für Physik, 1958, 151,  pp 124-143.
R.L. Mößbauer, Naturwiss. 45, 538 (1958)
R.L. Mößbauer, Z. Naturforsch. 14a, 211 (1959)

Energy resolving power:

E/dE = E0/G = 2.8x1010

„Recoilless absorption and emission of gamma-rays“

„It is this property of the recoilless nuclear resonance absorption – namely, that it is possible by this means to measure 

extraordinarily small energy differences between two systems – which gave the method its significance and opened up a broad field 

of possible applications. Thus, the extraordinary sharpness of the recoilless gamma lines brought direct investigation of the 

hyperfine structure of nuclear transitions within the range of possibility.“



The Mößbauer effect
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Summary
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Mößbauer spectroscopy: experimental setup

g-ray source (e.g. 57Co, 151mSm, 121mSn, ...)

Sample

Detector

Preamplifierto amplifier 
and MCA

Drive and 
pickup coils

Gütlich, Bill, Trautwein (eds.),  2011.
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Applications from fundamental physics to materials
Mössbauer spectroscopy on MarsTesting general relativity

http://hyperphysics.phy-astr.gsu.edu/hbase/relativ/gratim.html#c2

Personally: a piece from the Titanic, steel from Caterpillar, pottery, soil – climate research,

soil – gas and oil industry, glass (green, brown, tin-float), cancer therapy complexes, pigments, …

http://iacgu7.chemie.uni-mainz.de/klingelhoefer/
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Rule 1: Know your audience

http://www.medc.dicp.ac.cn/Resources.php
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Common vs uncommon transitions

R. Hermann, Mössbauer Spectroscopy, p.443-484, in Handbook of Solid 
State Chemistry, Eds. Dronskowski, Kikkawa, and Stein, 2017 Wiley-VCH
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• Historical perspective
• Spectral description and parameters
• Static interactions
• Time dependent interactions
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Lattice dynamics
Probability for recoilless absorption of emission of gamma-rays:

Lamb-Mössbauer factor:

In a solid the recoil is distributed to the crystal → negligible as M>>mnucleus

and to the lattice vibrations → quantized in phonons.

The Lamb-Mössbauer factor quantifies the 0-phonon probability.

Similar, but not to be confused with the Debye-Waller factor:

Single particle – incoherent – absorption

Pair distribution function – coherent – scattering

|q|=4p sinq/l
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Guest dynamics in clathrates

83Kr radiation 

Eg = 9.4 keV 

http://www.calstatela.edu/dept/chem/ba/researchtops-gashy.htm
http://www.calstatela.edu/dept/chem/ba/researchtops-gashy.htm
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Guest dynamics in clathrates

83Kr radiation 

Eg = 9.4 keV 
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Accessing phonon modes
If Doppler velocity is increased: 

E – E0 = E0. v/c ~ 16.7 meV, for 100 m/s and E0 = 50 keV

TbOx

Heisenberg relation: G = 5 µeV

H. Weiss and H. Langhoff : Phys. Lett. 69A, 448 (1979) 
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Electric monopole: isomer shift

Sample
property
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Electric monopole: isomer shift

Sample
property
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Sn2Nb2O7-xSx

Coll. M Subramanian, Oregon State

Electric monopole: isomer shift
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Sn2Nb2O6F
Coll. M Subramanian, Oregon State

Atomic fractions: temperature dependence
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Quadrupole interaction
57Fe

1) Lattice contribution → point symmetry + point charges located on surrounding atoms.

2) Valence electron contribution → crystal field + orbital term (essential for transition metals)

http://www.advancedmaterialsgroup.edu.rs/wp-
content/uploads/2013/07/Slika-1.2.1-EFG.png
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Isomer shift vs. quadrupole splitting

Mössbauer fingerprinting
http://ammin.geoscienceworld.org/content/93/5-6/728

M.D. Lane et al., Amer. Mineralogist 93 no. 5-6 728-739

Mineralogy of the Paso Robles soils on Mars
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Magnetic Zeeman interaction

57Fe

- Magnetically ordered materials
- Applied magnetic field in diamagnets
- Transferred fields on non magnetic ions
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Technique and optimization
Maximal SNR:  2µe

Calibration!
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Technique and optimization

Natural thickness: t 

T295 K
Fe-a~ 11 µm

! Broadening: G~ (1+0.135t)G0

Maximal SNR:  2µe

Choose wisely! -> e.g. programm mossthick
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Nuclear resonance scattering

Sergueev et al. ESRF Highlights (2002) pp. 61-62.

Potapkin et al. J. Synchrotron Rad. (2012). 19, 559–569

Without recoil

Rotational dynamics
ESRF, APS, SPring-8, PETRA III

With recoil
→ inelastic

= Time or Energy Domain Synchrotron Mössbauer Spectroscopy
+ Phonon Assisted Nuclear Resonance Absorption
+ Synchrotron Radiation Perturbed Angular Correlation
+ …

+ polarized beam.
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Sb2Te3 phonon spectoscopy

Te
Sb
Te
Sb
Te
Te
Sb
Te
Sb
Te
Te
Sb
Te
Sb
Te

Bessas D. et al., Phys. Rev. B 86, 224301 (2012).
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Synchrotron Mössbauer Spectroscopy
Energy domain

Measuring time  ~ 10 minMeasuring time  ~ 104 min (one week)

Small samples → direct benefit from beam size

Perovskite at 94 GPa measured with a conventional source and with SMS
(same sample, same diamond anvil cell)

SMS is three orders of magnitude faster

V. Potapkin PhD Defense, Bayreuth 2012 

V. Potapkin, A.I. Chumakov, G.V. Smirnov , et al. (2012) J. Synchrotron Rad. (2012). 19, 559-569
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• Historical perspective
• Spectral description and parameters
• Static interactions
• Time dependent interactions
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Spin cross over in {Fe[HC(3,5-Me2pz)3]2}I2

Interest: memory, color change

M. A. Halcrow, Chem. Soc. Rev., 37, 278-289 (2008)

Magnetometry Mössbauer

Reger, D. L. et al., Eur. J. Inorg. Chem. 2002,
1190–1197 (2002).
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Oxidation states: Ba2FeO4 and Ba3FeO5

Delattre et al., Inorg. Chem. 41, 2834-2838 (2002)

Fe(IV)

-> magnetometry: µeff = 4.89 µB 

Fe(IV) spin only moment: 4.9 µB

In contrast, isotructural Ba3FeS5 features Fe(III)

and the reduced iron yields a hole in the S2- 3p6 band.

Interest: Oxidation agent and battery cathode
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Screening synthesis conditions
NaFePO4F/carbon powder synthesis by spray drying
Application: cathode material for Li-, Na-ion batteries
Synthesis parameters:
- Fe (II) citrate + NH4H2PO4, NaF and

NaOH + deionized water
- final iron concentration of 0.1 mol/l
- solution spray-dried:

- 25 ml/min feed rate
- 140oC inlet temperature

- annealing at 600oC

Optimised with “live” Mössbauer spectral 
feedback for Fe(II)/Fe(III) content

Before annealing  After annealing at 600 oC

Annealing sequence

Brisbois et al., Materials Letters 130 (2014), 263.
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Screening synthesis conditions
NaFePO4F/carbon powder synthesis by spray drying
Application: cathode material for Li-, Na-ion batteries
Synthesis parameters:
- Fe (II) citrate + NH4H2PO4, NaF and

NaOH + deionized water
- final iron concentration of 0.1 mol/l
- solution spray-dried:

- 25 ml/min feed rate
- 140oC inlet temperature

- annealing at 600oC

Optimised with “live” Mössbauer spectral 
feedback for Fe(II)/Fe(III) content

Annealing sequence

Brisbois et al., Materials Letters 130 (2014), 263.
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Magnetocaloric FeMnP1-xAsx

The application of a magnetic field aligns the magnetic moments,

reduces the magnetic entropy and increases the (lattice) temperature.

The removal of the magnetic field yields a randomization of the moments, 

increases the spin entropy and decreases the (lattice) temperature.

The sharp magnetic transition in FeMnP1-xAsx yields a cooling efficiency of 

~20 J/K/kg similar to Gd for operation around ~300 K.

Tegus O., Brück E., Buschow K. H. J., and de Boer F. R., Nature 415, 150 (2002).

Jan. 2015: product presented

CES Las Vegas

Material: FeMn(P,Si)
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FeMnP1-xAsx structure
Iron and manganese layers perpendicular c
Iron has four P or As near-neighbors.

Triangular iron groups in the ab plane.

(I) FeMnP0.45As0.55

The 5 % component corresponds to 
iron that occupies the manganese site. 

The paramagnetic and ferromagnetic
states coexist over a range of ~10 K.

The hyperfine field at 301 K is only 
slightly smaller than at 225 K.

The magnetic transition is first-order in 
agreement with the magnetization.

The ferromagnetic subspectra
correspond to the binomial P and As 

near-neighbor distribution components.

Malaman et al., J. Phys.: Cond. Matter 8, 8653 (1996).
Hermann et al., Phys Rev B 70, 214425 (2004)
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Incommensurate magnetism
The ferromagnetic subspectra are constrained, except relative area.

The antiferromagnetic subspectra are fitted by taking into account

the binomial distribution,         (poor fits ...)
the incommensurate antiferromagnetic structure,  (poor fits ...)

and the contribution from the two magnetic sub-lattices. (good fits)

The last addition introduces a single free parameter.

(II) FeMnP0.75As0.25

Mn

(NPD)

Fe

θ = 2p.xM/aM, position of the nucleus/magnetic lattice constant (1D).

Hermann et al., Phys Rev B 70, 214425 (2004)
Hyperfine field

Pr
ob

ab
ilit

y

Cµ

C1µFe

C2µMn
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Magnetic phase diagram

FeMnP1-xAsx

(II) (I)(III)

(II) FeMnP0.65As0.35

Magnetic triple point: the ferromagnetic, antiferromagnetic, and 
paramagnetic phases coexist at T ~220 K.

Spectra for x = 0.55, 0.50, 0.45, 0.35, and 0.25 can be summarized in 
a phase diagram by assuming a compositional inhomogeneity, Δx.

The order of the transition, h >1, indicating first order character.
(Bean and Rodbell model for magnetostriction exchange)

h 2.6            2.3             2.0   1.6    1.4
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Carbodiimides – new pseudooxides
M2+ [-N=C=N-]

• 3D non-oxidic extended frameworks, new class of materials

• -N=C=N- (-2) is among the shortest and simplest bridging anions

• linear geometry is at variance with -O- bridging

• how is magnetic exchange between transition metals or rare-earth affected?

Historically: main use as calcium cyanamide as fertilizer.

In contact with water: CaNCN + 3 H2O → 2 NH3 + CaCO3

Also used in steelmaking → introduces nitrogen
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Magnetic properties
→MnNCN, CoNCN, NiNCN and CuNCN are „nitrogen based pseudo-oxides“ [4]

MnO, CoO, NiO, and CuO.

→ Gapped insulators: MnNCN is green, FeNCN dark red, CoNCN orange-brown, 
NiNCN light-brown, close to MO compounds

→ [NiAs] and not [NaCl] type structure, for FeNCN, close to delafossite CuFeO2.

→ Néel temperatures

[1] G. Srinivasan et al., Phys. Rev. B 28, 6542 (1983).
[2] X. Liu et al., Inorg. Chem. 44, 3001−3003 (2005).
[3] G. Kugel et al., Phys. Rev. B 16, 378–385, (1977).
[4] X. Liu et al., Chem. Eur. J. 15, 1558 – 1561 (2009).
[5] M. Krott et al., Inorg. Chem. 46, 2204−2207 (2007).

- O-2 - NCN-2

Mn+2 119 K [1] 30 K [2]

Fe+2 198 K [3] 350 K [4]

Co+2 289 K [1] 255 K [4]

Ni+2 524 K [1] 360 K [4]
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Mössbauer spectra of FeNCN

M. Herlitschke, et al.
New J. Chem., 2014, 38, 4670

Thermal activation: 

change of DEQ

Orbital moment arises

(degenerated by excitations)

Dipole interaction changes

Tchougréeff et al., Int. J. of Quantum Chem. 116, 282–294 (2016)
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“Transition-metal carbodiimides as new molecular negative 
electrode materials for Li- and Na-ion batteries with 
excellent cycling properties” M. T. Sougrati et al., Angewandte Chemie, accepted Feb. 2016

Analogous reactions for MnNCN, ZnNCN and Cr2(NCN)3
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“Transition-metal carbodiimides as new molecular negative 
electrode materials for Li- and Na-ion batteries with 
excellent cycling properties”

FeNCN(s) + 2 Li(s) ⇌ Fe(s) + Li2NCN(s)

M. T. Sougrati, A. Darwiche, L. Monconduit, L. Stievano,
R. P. Hermann, A. Mahmoud, M. Herlitschke, R. Dronskowski, 
X. Liu, Metal Carbodiimides and Metal Cyanamides as New 
Active Electrode Materials, EP15305888 (2015), European 
Patent pending.

M. T. Sougrati et al., Angewandte Chemie, accepted Feb. 2016

Electrochemical cell for Operando XRD and
Mössbauer studies developed by Leriche et al. 

(J. Electrochem. Soc. Vol. 157 (2010))

Analogous reactions for MnNCN, ZnNCN and Cr2(NCN)3
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• Historical perspective
• Spectral description and parameters
• Static interactions
• Time dependent interactions
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Charge order / electron hopping in Fe2OBO3

Evidence: Mössbauer spectroscopy, change in resistivity

Proposed structure [Attfield et al., Nature 396, 655 (1998)]

(from powder data)

Single crystal growth [Angst, 2005; ORNL]

Single crystal diffraction: detailled structure

Synchrotron radiation and electron scattering: CO peaks!

Angst, M. et al., Phys. Rev. Lett. 99, 256402 (2007).
Angst, M. et al., Phys. Rev. Lett. 99, 086403 (2007).
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Charge order / electron hopping in Fe2OBO3

Angst, M. et al., Phys. Rev. Lett. 99, 256402 (2007).
Angst, M. et al., Phys. Rev. Lett. 99, 086403 (2007).

Intermediate phase:300-340 K,

incommensurate charge order
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Guest dynamics in AGa16Ge30 clathrates

2a A(I) and 6d A(II) sites are 
occupied by either Ba, Eu, or Sr.

The structure consists of 
stacked small cages with A(I)
and large cages with A(II)
on/near the center.

Filled clathrate are interesting as
• potential thermoelectric materials,
• model systems for caged atoms.

Low, anomalous thermal transport.

Ga/Ge

Glass

Cohn et al., PRL 82, 779 (1999)
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Potential landscape

NIS, ID22 ESRF

Hermann et al., Phys. Rev. B 72, 174301 (2005)

� = 50 mK
~ 4.3 µeV
~ 1 GHz

� ~ 3 meV

Zerec I., Keppens V., McGuire M. A., Mandrus D., Sales B. C., 
and Thalmeier P., Phys. Rev. Lett. 92, 185502 (2004).

Resonant ultrasound spectroscopy response

Sales B. C., Chakoumakos B. C., Jin R., Thompson J. R.,
and Mandrus D., Phys. Rev. B 63, 245113 (2001).

Static or dynamic disorder

in the ground state?

151Eu phonon DOS
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Mössbauer spectra

Eu(I) and Eu(II) Eu2+ spectral components overlap.

Eu(I) exhibits magnetic splitting with Tc ~30 K.

Eu(II) exhibits no magnetic splitting even at 32 mK.

Neutron diffraction and magnetization measurements 
indicate 7 µB moments for all Eu.

Hypothesis: we observe jump diffusion or tunneling 
induced magnetic relaxation.
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Larmor precession, 151Eu

Hyperfine field

mIGI=5/2

I=7/2

Bare nucleus
s-electron
density

Magnetic field

21.5 keV g-ray

5/2

7/2

-7/2

-5/2

Isomer shift

Eu3+Eu2+

mIE

H
Larmor precession
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Relaxation spectra

R. P. Hermann, V. Keppens, P. Bonville, G. S. Nolas, F. Grandjean, 
Gary J. Long, H. M. Christen, B. C. Chakoumakos, B. C. Sales, and 
D. Mandrus, Phys. Rev. Lett. 97, 017401 (2006).

S. Dattagupta and M. Blume, Phys. Rev. B 10,4540 (1974).

Isotropic relaxation Phase is lost

hn

Tunneling!
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Tunneling dynamics

R. P. Hermann, V. Keppens, P. Bonville, G. S. Nolas, F. Grandjean, 
Gary J. Long, H. M. Christen, B. C. Chakoumakos, B. C. Sales, 
and D. Mandrus, Phys. Rev. Lett. 97, 017401 (2006).

Mössbauer frequency

Microwave absorption
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Nuclear forward scattering

Hyperfine splitting → Quantum beats

Multiple scattering →Dynamical beats

Röhlsberger R., Nuclear Condensed Matter Physics with Synchrotron Radiation, Springer Tracts in Modern Physics (2004)

~ Fourier transform
of Mössbauer spectrum

… except for thickness
broadening
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125Te nuclear forward scattering

Pure quadrupole Pure quadrupole

Single line Relative isomer shift

Natural lifetime

Klobes B. et al., Hyperfine Interact 226, 713–719 (2014).
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125Te – NFS vs. Mössbauer spectroscopy

Intrinsic natural linewidth

Due to 125mTe source broadening
NFS is the more elegant solution for
125Te Mössbauer spectroscopy

At ORNL:

Opportunity for 125Te or 129I MS by activating
124Te or 128Te in Mg3TeO6 or Ba2MgTeO6

at HFIR

Klobes B. et al., Hyperfine Interact 226, 713–719 (2014).
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New kids on the block 
187Os @ 9.78 keV
Bessas et al., PRB (2015)

125Te @ 35.4 keV
Wille et al., Europhys Lett (2010)

121Sb @ 37.1 keV
Wille et al., Europhys Lett (2006)
129Xe @ 39.9 keV
Klobes et al., Europhys Lett (2013)

61Ni @ 67.4 keV
Sergueev et al., PRL (2007)

73Ge @ 68.7 keV
Simon et al., Europhys Lett (2013)

174Yb @ 76.5 keV
Masuda et al., APL (2014)

99Ru @ 89 keV
Bessas et al., PRL (2014)

hcp Os, 295 K
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